Introduction
In our former papers [1] [2] [3] [4] [5] formation of metal complexes with polysaccharides has been proven with EPR spectrometry. Complexes of starches with Co(II), Cu(II), Mn(II) and Ni(II) acetates, Fe(III) chloride and Ni(II) nitrate as well as chloride had tetrahedral inner coordination spheres. Cu(II) nitrate and chloride formed complexes of the square planar inner coordination spheres whereas Co(II) salts, except acetate had octahedral inner coordination spheres.
Non-substituted carbohydrates are very weak acids (pK a > 12) [6] . Computations of gas phase basicity for -D-glucose [7] pointed to the hydroxyl group at C6 as the most basic center of that saccharide. In aqueous solutions, complexes are formed by replacement of water molecules ligating central metal atom with the hydroxyl groups of carbohydrate ligands [8] . Carbohydrate complexes with metal ions are fairly unstable because of low donor properties of the hydroxyl groups. Ability to form complexes increases by several orders in acidic media [45] . There is a little selectivity between potential coordination sites in saccharides [10] . In polysaccharides the hydroxyl groups at C2 and C3 are also involved in coordination and that process does not influence the saccharide units conformation [11] . Disordered conformations of polysaccharide chains have a priority at low salt concentration but as that concentration increases ordering of the macrostructure in complexes proceeds [12] [13] [14] . Depending on reaction conditions, for steric reasons, reagent conformations cause exclusion of potential coordination sites [15] . Around pH 7, binding capacity of starches is low and it reaches around 10 mg metal ion per 1 g starch [16] . On titration of starch gels with aqueous solutions of metal salts, before reaching the point of saturation, conductivity of titrated solutions only slightly increased. Because in aqueous solutions anions interact with starch even stronger than cations [17, 18] one cannot state whether the effect observed might be associated with entering cations into the inner coordination sphere of the central metal atoms.
In this paper a quantum-mechanical analysis of the structure and stability of -Dglucose, -D-glucose and starch complexes with Co(II), Cu(II), Fe(III), Mn(II) and Ni(II) acetates, chlorides and nitrates is presented. The analysis involved the DFT and Mopac assisted SCF LCAO MO ZINDO1 methods [19] .
Results and discussion
A rational design of novel plastic materials requires insight into the link between chemical structures and properties, such as charge and energy transfers [20, 21] and delocalization of electrons [22] [23] [24] [25] and the effects of intra-and intermolecular interactions [26] .
Semiempirical calculations are helpful in understanding the role of orientation of donor groups and ligand geometry around the central atom in the complex. Ability to coordinate metal ions and stability of complexes depend, among others, on dimension of the coordination centre and steric distribution of the coordination sites in the ligands [9] . Application of advanced methods of molecular modeling for considerations of steric distribution of d and s electrons around the central metal cation provides exact geometry, type of bonds and their energy. d-Electron effects resulting from an overlap of interactions between ligands are absolutely essential for the formation of coordination bonds [27] [28] [29] . Therefore, first, an ideal geometry had to be established for which force constants of particular metal (M) -ligand (L) bonds, and rotational as well as rotational barriers were adapted. In case of polysaccharides, frequently, an analogy to smaller saccharide molecules e.g. mono-and disaccharides is involved [30, 31] . For studying ground state properties, the energy levels and the shapes of highest occupied (HOMO) and the lowest unoccupied (LUMO) molecular orbitals were calculated. They are shown in Fig. 1 .
Tab
One could see from the diagrams that the density of the HOMO molecular orbitals was localized mainly in the D-glucose rings with a dominating control of the electronegative oxygen atoms; while the density of the LUMO molecular orbitals was localized mainly on central metal ion. Thus, the oxygen atoms of the hydroxyl groups of the D-glucose units contributed to the intramolecular charge and energy transfer of complexes. The chemical structure and electron properties changed significantly when the subsequent ligating D-glucose units were introduced. Always ligating Dglucose units underwent deformation and also changed dihedral angles between the central metal ion and the oxygen atoms of the hydroxyl groups. These changes were accompanied by an increase in the ionization energy and the electron affinity, decrease in the energy difference between HOMO and LUMO, and delocalization of the total electron density to the coordinated D-glucose units [32] .
The influence of the individual D-glucose units upon the excited state properties, the energies and densities of the HOMO and LUMO frontier orbital of the individual unit were studied in the processes of dissociation of complexes of metal ions ( Table 3) . The electronic properties were strongly influenced by the shapes of the frontier electronic level of complexes [33] . The large energy separation between the HOMO orbitals of the complexes with different number of glucose units (4.384 eV) (Fig. 1) , resulted in weak interactions between the building blocks and, hence, in a rise of the localized HOMO levels. The energies and densities of frontier orbital HOMOs and LUMOs of the individual unit and the complexes revealed that: there was a stronger localization of electrons in all studied complexes [34] .
The total electron densities are localized on the metal ion and coordinated units (Figs.2 and 3 ). They show, that only for the M -2H 2 O + 2Glc and M -4H 2 O + 2Glc complexes the electron density is delocalized on the glucose ligand. (Table 3) .
One could see from the data in that Table that stability of that kind of complexes expressed as energy of their dissociation increase with the number of the D-glucose ligands in the inner coordination sphere. Computations including the role of counterions were performed with involvement of semiempirical method. Calculations were first performed for -D-glucose as the ligands coordinated to Co(II), Cu(II), Fe(III), Mn(II) and Ni(II) central ions and presence of counterions was also considered. In that step the energetically preferred coordination site in the single ligand was determined and for that site further computations were performed. The patterns of the inner coordination sphere of potential complexes were then elucidated. That sphere could be populated either by water, -D-glucose or, simultaneously, both, water and D-glucose ligands. Based on the lowest energy criterion, the oxygen atoms of the hydroxyl groups at C2 and C3 appear to be the most likely coordination sites in D-glucose.
Tab. 3.
Energy of dissociation reactions (in kcal/mol), kinetic and potential energy density for all studied complexes. . That irregularity could result from different structure of the inner coordination spheres in the aquacomplexes.
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The central Co(II) ion in complexes with -D-glucose was either anhydrous or it was ligated with 4 -D-glucose and 2 water molecules. Except coordination in the presence of the nitrate anion for which computations indicated a priority for the latest arrangement, there was about 20 kJ/mol preference for anhydrous coordination sphere ( Table 4 ). The computations indicated the water-free coordination sphere around the Mn(II) central atom regardless of the counterion. That inner coordination sphere was populated by 6 -D-glucose molecules. The most stable Fe(III) complex in the presence of the acetate counterion should contain 4 -D-glucose and 2 water molecules whereas the presence of the chloride and nitrate counterions provided water free complexes with 6 -D-glucose ligands.
In the presence of nitrate counterions around the Cu(II) central ion resided two -Dglucose and two water molecules whereas in the presence of the chloride and acetate counterions the inner coordination sphere held only 4 -D-glucose ligands. The similar arrangement was found for the Ni(II) central atom regardless the counterion. Among complexes under consideration, these with the Co(II) and Mn(II) ions appeared to be most stable regardless of the counterion (Table 4 ). The stability always increased with the number of -D-glucose ligands in the inner coordination sphere. Thus complexes with Cu(II) and Ni(II) of the coordination number 4 were less stable than complexes of remaining central ions disposing with the coordination number 6. Potential complexes with odd number of each of two ligands were less stable. This regularity was particularly pronounced in Co(II) and Fe(III) complexes. Table 5 . One could see that certain values were positive indicating that chelating relevant coordination centers was impossible. Such results could be anticipated because of steric requirements. In case of CuCl 2 with tetracoordinating Cu(II) ion chelation with involvement of the hydroxyl groups at C1 and C2, the O1 and O2 oxygen atoms of those groups, respectively was most likely followed by chelation employing the pair of the O3 and O4 atoms and the O6 and O1 atoms, respectively. In case of CoCl 2 with hexacoordinating Co(II) ion chelation with involvement of O2 and O3 atoms had energetic priority followed by chelation subsequently with O1 and O2 atoms and O3 and O4 atoms.
Such kind chelation could not be taken into account in case of linear polysaccharides build of -D-glucose mers as these mers employed O1 and O4 atoms in the formation of the polysaccharide chains. Thus, eventual formation of chelates of such polysaccharides had to engage the hydroxyl groups belonging to two mers of either the same polysaccharide chain or two different chains.
Complexes with single -D-glucose ligands were energetically more stable than ligands containing -D-glucose molecules bound linearly. Relevant calculations were performed for complexes of CuCl 2 and CoCl 2 whose central metal atoms were coordinated by 3 water molecules and one saccharide ligand containing subsequently from one to 6 -D-glucose units in the linear chain. Either the O2 or O3 oxygen atom of the first D-glucose mer (Glc) in the chain was considered the coordination site. The results of simulations are collected in Table 6 . One might see that complexes with CoCl 2 were more stable than complexes with CuCl 2 . Except the case with one Glc ligand in the coordination sphere of the central Co(II) ion, coordination to the O3 oxygen atom provided essentially more stable complexes. As the number of Glc mers in the saccharide chain increased complexes became weaker. The increase in the heat of formation of the complexes coordinated to the O3 atom was fairly monotonous against increase in the number of the Glc mers in the saccharide chain. However, for the complex of CuCl 2 with three mer saccharide chain and for CoCl 2 complex with four mer saccharide chain a small energy benefit could be seen (Fig. 5 ).
Tab. 6. Heat of formation of complexes with one saccharide ligand containing from 1 to 6 -D-glucose mers (Glc) and 3 water molecules. These benefits could result from conformational change of the Glc trimer and tetramer, respectively providing chelation within one ligand.
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Experimental
Computations involved the SCF LCAO MO ZINDO1 approach with CAChE 4.4 (evaluation version). Structures for whose computations (Table 7) were constructed based on Cambridge Data Base [38] . The ground state was assumed to be a doublet. 
